We show that the effective low energy supergravity theories which result from a generic string theory can provide a promising framework for models of hybrid inflation in which the potential energy which drives inflation originates from the F-term of the effective supergravity theory. In the class of models considered the inflaton is protected from receiving mass during inflation by a Heisenberg symmetry and the potential during inflation takes the positive definite form V ∼ |F | 2 , which allows the possibility that V ≪ m 2 3/2 M 2 P . We discuss a toy example where this is realised, then describe the application of this result to realistic models focusing on a particular example in which the µ problem and the strong CP-problem are addressed.
Introduction
Due to its intrinsic elegance, inflation [1] has become the almost universally accepted dogma for accounting for the flatness and homogeneity of the universe. There are various classes of inflation that have been proposed, but possibly the most successful, and certainly one of the most popular versions these days is hybrid inflation [2, 3] . In hybrid inflation, there are (at least) two fields at work: the slowly rolling inflaton field φ, and a second field which we shall call N whose value is held at zero during inflation and whose role is to end inflation by developing a non-zero vacuum expectation value (VEV) when φ passes a certain critical value φ c during its slow roll. With N = 0, the potential along the φ direction is approximately flat, with the flatness lifted by a φ mass which must be small enough to satisfy the slow-roll conditions for inflation.
The natural framework for hybrid inflation is supersymmetry. SUSY can naturally provide flat directions along which the inflaton can roll, and additionally ensures that the scalar inflaton mass does not have quadratic divergences. The natural size of the inflaton mass in SUSY is of order the SUSY breaking scale, and the slow roll conditions and COBE constraints [4] then determine the height of the potential during inflation V (0) 1/4 to be some intermediate scale below the grand unification (GUT) scale. The precise value of V (0) is model-dependent, however as lower is the height of the potential, flatter has to be the inflaton potential and smaller the inflaton mass.
If one accepts the above framework, one is driven almost inevitably to supergravity (SUGRA). The origin of the vacuum energy V (0) which drives inflation can only be properly understood within a framework which allows the possibility for the potential energy to settle to zero at the global minimum, and hence lead to an acceptable cosmological constant, and this implies SUGRA. In this way we are led to consider SUGRA models in which the fields are displaced from their global minimum values during inflation. The potential in SUGRA is given by:
in the usual notation, i.e. natural units, with subscripts i (ī) referring to partial differentiation with respect to the generic field φ i (φ * i ). We have written the D-terms very schematically as |D| 2 . The Kahler function G is:
where the Kahler potential K is a real function of generic fields φ, φ * and the superpotential W is an analytic (holomorphic) function of φ only. The Kahler metric is Gj i and its inverse satisfies (G
The SUGRA F-terms are:
whose non-zero value signals SUSY breaking, with a gravitino mass
Using the preceding results we can schematically write the potential in SUGRA as:
where we have put back the reduced Planck massM P . Eq. (5) shows that there are two possible sources for the positive vacuum energy V (0) which drives inflation: the F-term or the D-term. The negative term also allows for eventual cancellation of the potential energy, and is the main motivation for considering SUGRA. Assuming that the D-terms are zero and the F-terms of the same order of magnitude during inflation as they are at the end of inflation, we have
2 After inflation, since V = 0 we must have
at the global minimum, which is the Deser-Zumino relation. It is hard to see how this relation could be so badly violated during inflation so that typically one expects that during inflation m 3/2 ∼ F MP
.
Here the gravitino mass is assumed to be of order of 1 TeV. Now if we make the further assumption that the inflaton φ mass is of order m 3/2 , this line of reasoning leads to a violation of the slow roll condition,
In fact from Eq. (6) we predict |η| ∼ 1. This is the so-called η problem [5] . To overcome it, we must relax one or more of the assumptions in the chain of logic that led to it. For example, one can imagine that both during and after inflation the F-term and the -3 term in Eq. (5) exactly cancel, and that the energy which drives inflation originates from the D-term [6] . Then |D| 2 is allowed to take a higher value than that in Eq. (6), providing it cancels to zero at the end of inflation; indeed the problem in D-term inflation is rather one of keeping the potential small enough compared to the string scale 3 [7] . We will not address this problem in this letter, and from here on we will assume that the D-terms vanish during inflation.
One interesting loop-hole in the above argument which we would like to pursue in the present paper is the possibility that the inflaton mass is in fact much smaller than m 3/2 during inflation. For example it is known that in no-scale SUGRA theories, the soft scalar masses are zero (up to radiative corrections) even in the presence of a non-zero gravitino mass [9] . These no-scale results apply for all values of the fields, including during inflation when the fields are away from the global minimum. In fact the general conditions under which the inflaton maintains a zero mass during inflation have been formalised in terms of a Heisenberg symmetry of the Kahler potential [10] .
However as shall become clear later the approach that we follow is more general than the Heisenberg symmetry. In fact the basic requirements of a successful F-term theory of inflation will be seen to be a no-scale assumption for the inflaton, together with other conditions which guarantee that it remains massless at tree-level during inflation, plus the requirement that the inflaton couples sufficiently weakly to other sectors so that the radiative corrections to its mass are very small. The requirement of small inflaton mass, combined with the COBE normalisation, imply that the height of the potential during hybrid inflation must be lower than the usual value 10 11 GeV, and we show how the no-scale structure allows this possibility. In fact we shall give an explicit example of our approach where the SUSY breaking sector, the height of the potential and the inflation sector are all specified. The example involves an ultra-light inflaton whose mass after radiative corrections is in the eV range. For such an ultra-light inflaton, the COBE normalisation demands that the potential during inflation be very low, of order 10 8 GeV. We show how this may be achieved via the
P , where we assume that the gravitino mass m 3/2 ∼ 1 TeV both during and after inflation.
No Scale Supergravity Theories
The simplest example of a no-scale SUGRA model consists of a Kahler potential
and a superpotential which is independent of the field T
When the potential is constructed using Eqs. (1), (2) one finds that firstly that certain cross-terms involving derivatives of the superpotential like W φ cancel with each other, and secondly that terms involving derivatives of the Kahler potential cancel with the -3. The only term which survives is:
where we have defined for convenience:
The potential is minimised along the flat direction W φ = 0, and in fact is identically zero for all values of ρ. Supersymmetry is broken by the non-zero value of the F-term F T = −ρe G/2 but neither it nor the gravitino mass m 3/2 = e G/2 is determined since ρ is not fixed at tree-level. However, assuming ρ is fixed by radiative/non-perturbative corrections, we conclude that supersymmetry is broken, the gravitino has a mass, but the fields φ remain massless. We emphasise that if one allows a superpotential with a non-trivial T dependence then extra terms appear in the potential proportional to W T which invalidate these results. The masslessness of the field φ also relies on the fact that the Kahler potential only depends on the combination ρ in Eq. (11) .
The masslessness of the inflaton may be associated with the so called Heisenberg symmetry [10] which is more or less equivalent to the observation that the fields T, T * only ever appear in the Kahler function in the combination ρ, and so the degrees of freedom may be regarded as ρ = ρ * and φ, and the masslessness of φ is guaranteed for any Kahler potential of the form K 0 (ρ). Additional (hidden and visible sector) matter fields y i may also be included so that a more general Kahler function which obeys the Heisenberg symmetry is:
where ρ is defined as in Eq. (11) . Specialising K 0 to be its form in Eq. (8), but leaving W and K 1 general for the moment, the potential obtained is that given in Eq. (10) with an extra term due to the fields y i :
In all hybrid inflation models of interest we require W φ = 0 during inflation (otherwise the φ direction is not sufficiently flat) so dropping this term we end with:
The cancellation of the negative term −3m Before ending this section, some comments are needed regarding the Kahler potential K 0 (ρ) and the masslessness of the inflaton. The sugra potential given in Eq. (14) still has a ρ dependence hidden in the exponential factor e G . Because of this factor and its implicit dependence on φφ * , it may look that the inflaton will get a mass of order of FīF i = 0, and we would still have the original η problem of F-term hybrid inflation. In order to overcome this objection it is necessary to fix the ρ field at some numerical value during inflation. Assuming ρ is fixed then the problem is resolved because the φ dependence in e G only arises through ρ which is fixed to be a numerical constant during inflation. In other words as the inflaton φ rolls the moduli T will adjust themselves in such a way that the overall potential remains flat as φ rolls, which corresponds to φ remaining massless during inflation. The next question is how to fix ρ during inflation. We first note that whatever mechanism fixes ρ need not imply that its fixed value during inflation is the same as the value that it will take when inflation ends. In order to fix the value of ρ we need to choose a Kahler function K 0 (ρ) such that the condition dV /dρ = 0 is fulfilled for some value ρ 0 . In this case it is not difficult to check that the inflaton will remain massless. For the particular no-scale function that we considered K 0 (ρ) = −3 ln(ρ), this condition is not satisfied.
Therefore we must appeal to some additional radiative or non-perturbative corrections in order to stabilise the value of ρ. A specific example of a Kahler potential which can stabilise ρ during inflation was proposed in Ref. [11] :
If we take this example then Eq. (13) becomes
If we now look for the minima in the ρ direction we obtain,
with the potential,
during inflation. However in the remaining sections of the paper we shall assume for simplicity the minimal choice K 0 = −3 ln ρ and simply assume that ρ 0 = 1 during inflation, for ease of notation.
Effective No Scale Supergravity Models From String Theory
Although such a no-scale SUGRA mechanism looks quite specialised, it turns out that it fits in quite well within 4d effective string theories. For example, in orbifold constructions [12] the tree-level Kahler potential is given by,
where in the usual notation, S is the dilaton, T is an over-all modulus and C a observable (matter) superfields with modular weights n a . Untwisted sector superfields have n a = −1; fields belonging to the twisted sector without oscillators have usually n a = −2, and those with oscillators usually have n a ≤ −3, but in general any integer n a ≤ 0 is possible for twisted fields. The assumption of an over-all modulus T is a simplified one and generically there are at least three T i moduli fields, the over-all modulus case corresponding to the limit T 1 = T 2 = T 3 . Nevertheless, one would expect the values of the moduli fields not to be very different, and approach the simpler over-all modulus situation which we will consider in this paper. The differences that may appear in the multimoduli case are not relevant for the discussion below.
In dealing with inflation we shall assume that the inflaton φ is an untwisted field and distinguish it from all the other matter fields by writing explicitly φ ≡ C 0 . Then the Kahler potential for the modulus and the inflaton is virtually identical to the nonscale SUGRA Kahler potential in Eq. (8) . Therefore, we take the Kahler potential to be given by,
where
The superpotential (which by assumption is independent of T ) may be written as:
where for simplicity we have assumed thatW (φ, C a ) has no S dependence, so that W is the superpotential in the "hidden" sector, andW is the superpotential in the "observable" sector.
Note that the theory in Eqs. However, since we are only interested in preserving the masslessness of the inflaton during inflation, all we require is that the remaining matter fields with non-zero modular weight are switched off during inflation, or at least do not contribute to the potential during inflation. This can be seen as a constraint on the superpotential for such matter fields rather than on the Kahler potential. This means that, apart from the inflaton, the matter fields with non-zero modular weight have to satisfy the conditions C a = W a = 0 in the false vacuum of the theory where inflation is taking place, even if they do not couple to the inflaton. Notice that for the field N in hybrid inflation, with a typical hybrid superpotential W (φ, N) = kφN 2 , these conditions are inmediately fulfilled and thus its Kahler potential may still be arbitrary. We shall assume later that the singlet N belongs to the twisted sector, with superpotential couplings between twisted and untwisted fields of the form φN 2 being generically allowed, subject to string selection rules.
The conditions that we propose to protect the flatness of the inflaton potential should be compared to other approaches. In [13] the requirement is that either the field C a or its derivative W a to be zero, with the additional constraint that the superpotential during inflation must vanish. In such a situation the false vacuum energy would be dominated by some non-zero W a . By contrast in our present scenario we can relax the assumption of having a zero superpotential by the specific choice of the inflaton Kahler potential we consider. In [3] a multimoduli Kahler potential is considered with all matter fields having modular weights -1 with respect to one of the moduli T i . With such a restriction they are led to conclude that the over-all modulus case is not viable for inflation, because in this case there would be no possible source to generate the potential energy without giving a large mass to the inflaton. In our approach this problem is circumvented allowing modular weights different than -1 for some of the matter (twisted) fields. The multimoduli Kahler potential in the context of inflation has also been very recently studied in [14] .
To proceed further with the discussion we need to specify the superpotential W = W +W . This is highly model dependent, and in particular the dilaton superpotential W (S), which may be responsible for SUSY breaking, is not predicted by string theory.
In general both K 1 and W may receive corrections related to the problem of dilaton stabilisation. In order to deal with the dilaton, we will assume that a superpotential W (S) is generated in such a way that the dilaton is stabilised but F S = 0, i.e., with zero potential, both during and after inflation, as recently discussed by Riotto and one of us [15] . In general we assume that the hidden sector S, T fields both contribute a zero height potential both during and after inflation.
Reducing the Height of the SUGRA Inflation Potential
We now turn to the question of how to achieve a height of the potential below the typical SUGRA value, i.e. how to achieve V ≪ m 2 3/2M 2 P during inflation, while maintaining the same m 3/2 both during and after inflation. Of course it is possible to envisage scenarios in which m 3/2 during the inflationary phase differs from its value in the true vacuum, but our scenario represents the most straightforward case, and allows the theory to be made completely explicit involving no hidden assumptions. In order to achieve our goal we shall need to invoke a visible sector of the theory which is capable of both breaking SUSY with m 3/2 ∼ 1T eV , and providing a potential of the desired height during inflation. The requirement that the visible sector is solely responsible for SUSY breaking is for simplicity only, and enables us to side step the problem of the hidden sector completely. If the hidden sector S, T makes an additional contribution to SUSY breaking with m 3/2 ∼ 1 TeV then our results will be qualitatively unchanged. In any case the basic scenario we have in mind is that both the hidden sector S, T (which contribute zero vacuum energy) and the visible sector discussed below (whose vacuum energy drives inflation) remain static both during and after inflation.
As an explicit example let us ignore the dilaton S and consider the simple case of a single visible sector field y in the twisted sector with a canonical Kahler potential corresponding to zero modular weight:
We continue to assume that the inflaton field φ has the Kahler potential in Eq. (8), that T does not enter the superpotential, the N field is set to zero and the value of ρ is fixed during hybrid inflation. Then the potential in Eq. (14) becomes, setting ρ = 1 for simplicity,
We emphasise again that since this potential has the positive definite form
, there is no longer any reason to expect the minimum of the potential to be at V (0) ∼ m 2 3/2M P 2 . We rather look for solutions such that,
which can be much smaller than that inferred from the Deser-Zumino relation. However the existence of such a minimum will be somehow model-dependent, and some degree of fine-tuning may be necessary among the parameters in the superpotential.
Let us consider for example a general superpotential given by,
where the scale Λ 0 will set the scale for the value of y min . We can now search for solutions to the minimum of the potential, order by order inM P such that,
At zero order, the minimisation condition is given by,
and assuming that γ 2 ≥ 4αβ we can have in principle two minima given by W y = 0, with vanishing potential energy at this order, and a maximum corresponding to W yy = −γΛ 0 + 2βy = 0. However, with a little of algebra it can be checked that V (y min ) will be zero at any order unless the three extreme solutions be degenerated in a unique minimum y 0 , i.e., W y (y 0 ) = W yy (y 0 ) = 0. In this particular example, this is only possible if the couplings are in the relation α = γ 2 /(4β), and thus y 0 = γΛ 0 /2β.
The value of y 0 is enough to get the leading order expressions for the gravitino mass and the potential scale in terms of the scale Λ 0 ,
The height of the potential still depends on the gravitino mass through the scale Λ 0 , but instead of the Deser-Zumino relation we get 4 ,
which is the key result of this section.
In to the superpotential the conclusion would have been the same, that is, a canonical field y with a superpotential such that W y (y 0 ) = W yy (y 0 ) = 0 generate a non-zero potential which can trigger inflation. 4 We may notice that in the situation when γ 2 < 4αβ, that is W y = 0 but W yy = 0, typically we can get a non zero potential but with
P , which would be larger than the DeserZumino relation. 
A Next-to-Minimal Supergravity Model of Hybrid Inflation
Finally we give an example of a model of hybrid inflation where these results may apply, namely the next-to-minimal supersymmetric model (NMSSM) of hybrid inflation which was recently proposed [16] . This model was proposed in the context of global SUSY, where the origin of the (small) vacuum energy which drives inflation was not explained, the mechanism of supersymmetry breaking was not discussed, the η problem was not resolved, and the smallness of the inflaton mass was simply assumed to be due to some unspecified no-scale SUGRA model. We are now in a position to address all these issues in the light of the preceding discussion.
We begin with a brief resume of the global SUSY model. The model is based on
with the fields φ, N being gauge singlets, and the first term coupling the singlet N to the MSSM Higgs doublets H 1 , H 2 . Since the VEV of N generates the effective µ mass term coupling the two Higgs doublets, we require that λ < N >∼ 1 TeV as in the well known particle physics NMSSM model. The Higgs doublets develop electroweak VEVs, much smaller than < N >, and they may be ignored in the analysis. Therefore, the potential for the real components of the complex singlets reads,
where the soft parameters above occur in the soft SUSY breaking potential
φ owes its origin to radiative corrections to the potential controlled by the small coupling k. We have fixed our convention of signs and phases such that kA k > 0 but appears with a negative sign in the potential. This negative contribution is neccesary not only for the purpose of inflation but in order to get electroweak symmetry breaking afterwards.
For large values of the field φ the effective N mass is positive and during inflation the field N = 0; φ slowly rolls until it reaches a critical value:
Depending on the sign of the mass squared m [17] ). Either way, when the critical value is reached, inflation ends and the following global minimum is achieved:
During inflation the potential energy of the vacuum takes the positive value V (0) (which will be shortly explained in the context of a SUGRA model) which drives inflation. After inflation ends V (0) is assumed to remain unchanged, but be cancelled by a negative contribution from the remaining part of the potential at the global minimum:
The cancellation mechanism is beyond the scope of this paper (this is the problem of the cosmological constant).
We now wish to elevate this model to an SUGRA theory, using the results of earlier sections. We use the no-scale assumption that there is a single overall modulus T which appears with the inflaton φ in the untwisted sector. As before T is assumed not to enter the superpotential. The singlet N and the remaining MSSM superfields are in the twisted sector with canonical Kahler potentials (zero modular weights) to begin with. The superpotential is that of the above model in Eq. (32) (ignoring the H 1,2 term). Finally we assume the twisted sector field y with zero modular weight of the previous section as the origin of the vacuum energy during inflation V (y min ) ≡ V (0), and also as a component of SUSY breaking (along with the unspecified dilaton sector which we suppress in the discussion below.) Thus the Kahler potential we assume clearly has the Heisenberg symmetry:
and the superpotential is
where W (y) is given in Eq. (26). In the present SUGRA framework we can compute the soft parameters m N and A k , and the related critical value φ ± c and vevs of the fields, in term of the gravitino mass. We are now interested in what happens after inflation to the fields φ and N, so first we have to reincluded their contribution in the SUGRA potential. The potential is then easily obtained from Eq. (13):
where V (0) ≡ V (y min ), and we have kept the notation for the combination ρ. When inflation ends, we can expect the value of ρ to change, as both fields φ and T will now adjust their values in the global minimum of the theory. Moreover, in the limit of large moduli, we can now expand the potential in powers of φφ * /(T + T * ). The remaining explicit dependence on the modulus T will be absorbed in the proper normalisation of fields and Yukawas to get the physical degrees of freedom and couplings, and also in the gravitino mass. Therefore we can write our potential as,
where the dots stand for non-renormalisable terms. And according to Eq. (41) the soft parameters are defined as,
It is clear from Eqs. (36), (42), (43) that in this particular case 5 < N >= 0 and
In order to avoid this problem we allow the field N to have a non-zero modular weight n N which violates the Heisenberg symmetry, however as discussed in section (3) this does not matter since N = 0 during inflation. The potential in this case becomes: 5 We will see later that in this model the coupling between φ and N is too small, and therefore radiative corrections are not enough to break the relation A with the soft parameters given now by,
where for any possible value of n N we keep our convention that kA k is positive, and implicitly assume that the sign of the kφN 2 coupling in the superpotential may be changed in order to match Eq. (44) with the potential given in Eq. (33). When n N ≤ −2 we obtain a non zero vev for the field N, along with a negative contribution to the potential which can be written as,
The main point to note is that in general the soft masses are of order m 3/2 ∼ 1
TeV both during and after inflation, but the inflaton during inflation will have a zero tree-level mass due to the no-scale mechanism. The height of the potential during inflation is given by
4/3 P , arising from the y sector of the theory of the previous section. After inflation ends the value of V (0) is assumed to be unchanged, but there is in general a negative contribution from the remaining part of the potential in Eq. (37) whose value depends on the coupling k, which in this model is fixed to be very small, as we now discuss.
One of the additional features of the NMSSM of hybrid inflation is that it can solve the strong CP problem due to the presence of an U(1) P Q symmetry in the superpotential given in Eq. (32), broken by the vevs of φ and N. This implies that there is an axion field, and to satisfy the cosmological constraints on its abundance it is required < N >∼< φ >∼ 10 13 GeV . Looking at Eqs. (35-36) we end with the condition k ∼ 10 −10 , a quite small coupling constant, but that will render the value of the potential in Eq. (37) of order,
This is in fact the same order as the height of the potential
we obtained in the previous section. Therefore we may propose that at the global minimum these two potentials of opposite sign and the same magnitude accurately cancel to yield an acceptably small cosmological constant. With the extremely small coupling k radiative corrections yield an (ultralight) inflaton mass during inflation in the eV range [16] , assuming that the no-scale mechanism developed in this paper sets its tree level mass during inflation to zero. As discussed in detail elsewhere [16] an inflaton mass in the eV range together with a potential during inflation of height
GeV gives an appropriate COBE normalisation.
We end this section by noting that the smallness of k seems to indicate that in fact the original coupling has a non-renormalisable origin, as previously discussed [16] , with k effectively given as a ratio of two scales, namely k ∼ (Λ/M P ) 2 , where Λ was identified as the VEV of some new fields. In the present framework we might try to identify the scale Λ with Λ 0 in the y sector (which is related to the gravitino mass by Eq. (29)) since these two scales are naturally the same order of magnitude in this model. However we shall not pursue this possibility further here.
Final Comments
We should comment on the effect of M-theory on models such as this which rely on no-scale SUGRA. In general one might expect that the overall modulus field T will appear in combination with the dilaton S in the combination S + αT in the dilaton superpotential, thereby invalidating the no-scale assumption that T does not enter the superpotential, and so invalidating our basic assumption that the inflaton field φ is massless at the string scale. However the situation is in fact not so clear since some authors claim that the parameter α may in fact be extremely small even in strongly coupled heterotic string (M) theory. The result may depend on the precise mechanism for SUSY breaking in the hidden sector (e.g. gaugino condensation vs.
Scherk-Schwartz breaking) [18] . In any case the discussion of such issues, along with the dilaton potential, lies beyond the scope of the present paper. In this paper we have shown that effective SUGRA theories of the no-scale form which may arise naturally from string theory may lead to viable models of F-term hybrid inflation.
The main point of this paper is to construct a general framework for pursuing F term inflation in effective SUGRA theories which may typically arise in string models. As we have discussed, such theories are typically of the no-scale form, and we have proposed that it is natural to place the inflaton in the untwisted sector along with the moduli fields in order obtain a massless inflaton and so solve the η or slow roll problem. We emphasise that it is not necessary for the theory to possess a Heisenberg symmetry, but only that the other untwisted/twisted fields be switched off during inflation. In such theories the cancellation of the negative term in the SUGRA potential allows the natural possibility that the height of the potential during inflation is much smaller than usually assumed. In fact we constructed a specific example in which V ∼ m 8/3 3/2M 4/3 P rather than V ∼ m 2 3/2M 2 P , assuming always for simplicity that m 3/2 ∼ 1 TeV both during and after inflation. Smaller potentials are welcome in this kind of approach because one must not only ensure that the inflaton is massless during inflation at tree level, but also explain why radiative corrections do not lead to the inflaton acquiring a mass which would be again be too large to avoid the η problem.
In order to control the radiative corrections which would drive the inflaton mass to be too large, we have simply assumed that such radiative corrections are controlled by very small couplings. The presence of such small couplings is then generally associated with small height potentials which are therefore a generic consequence of our approach.
To illustrate these features we have revisited an NMSSM model of inflation in which the radiative corrections are controlled by an extremely small Yukawa coupling k ∼ 10 −10 which leads to an ultralight inflation in the eV range. Such a light inflaton, combined with the COBE normalisation requires a potential during inflation of 10
8
GeV which corresponds to the example with V ∼ m 8/3 3/2M 4/3 P . Of course such small couplings may be regarded a rather extreme example of how to control the radiative corrections, but it is worth recalling that the strength of the couplings are determined by the requirements of satisfying the COBE normalisation solving the strong CP problem, and the µ problem at the same time [16] . It is also worth recalling that the origin of such small couplings may involve an additional sector which obeys a discrete Z 3 × Z 5 string symmetry from which the Peccei-Quinn symmetry emerges as an approximation.
